Abstract In this paper the suitability of a buffer strip to reduce nitrate concentrations in the upper groundwater was tested for a sandy arable soil in The Netherlands during two consecutive leaching seasons. The bufferstrip was a 3.5 m wide unfertilised grass strip adjacent to a ditch on an arable field. In total 24 groundwater wells were installed in 4 transects perpendicular to the ditch to determine Cl, NO 3 and d 15 N concentrations. Piezometers were installed to assess the groundwater flow, which was in the direction of the ditch with small downward leakage across a peat layer at about 3 m depth. Nitrogen was dominantly present as nitrate (NO 3 ). The NO 3 -N concentrations under the bufferstrip were significantly lower than under the adjacent arable field. The lower concentrations were due to dilution, uptake by grass and denitrification. Nitrate was actively removed in the bufferstrip, since the Cl/NO 3 ratios were higher in the bufferstrip than in the remainder of the field. Furthermore, d
Introduction
Nutrient loading, specifically nitrogen (N) and phosphorus (P), of surface waters in the Netherlands generally exceed preliminary targets set by the EU (Framework Water Directive, Nitrate Directive). Since the end of the previous century N and P loads to surface water from point sources have decreased considerably (Oenema and Roest 1998) and currently the focus is on non-point sources (Hefting 2003) . In the Netherlands, non-point sources of N and P originate mainly from agricultural inputs (Orleans et al. 1994; Oenema and Roest 1998; Hefting 2003) . To reduce non-point loads of nutrients from agriculture, source oriented and effect oriented measures are taken. Source oriented measures are directed towards reducing nutrient surplus in soils, for example, reduced applications of fertiliser or growing catch crops. Effect oriented measures aim at removing N and P during their transport from soil leaching towards surface waters. Although source oriented measures are generally preferred above effect oriented measures, source oriented measures alone will not yield enough reduction to achieve preliminary targets set by the EU (Orleans et al. 1994 ) and therefore additional measures are required.
Additional measures like constructed and riparian wetlands, bio-screens and buffer strips have been used successfully in reducing or retaining contaminants from run-off water or shallow groundwater (Hefting 2003) . Buffer strips are generally defined as permanent vegetated strips, having a width between one and 100 m, along open water systems with a different management than the remainder of the field (Muscutt et al. 1993) . They act as a biochemical and physical barrier between potential sources of contamination (the remainder of the field) and the adjacent open water system. In many (model) studies buffer strips were effective in reducing loads of N and P towards open water systems (e.g., PeterJohn and Correll 1984; Lowrance et al. 1984; Orleans et al. 1994; Vought et al. 1994; Kuusemets et al. 2001; Borin and Bigon 2002; Sabater et al. 2003) , but exceptions were found that were attributed to specific hydrological conditions or, for P, to the release of P due to reducing circumstances during wetting (LeedsHarrison et al. 1999; Komor and Magner 1996) . Dinnes et al. (2002) reported efficiencies of buffer strips in reducing N and P loads of surface water of 48% to almost 100%. The efficiency was mainly related to the width of the buffer strip. Typically, these studies were conducted on sloping fields with shallow groundwater levels (< 3 m) and/or with a shallow, nearly impermeable soil layer (e.g., Hefting and De Klein 1998; De Klein and Hefting 1998; Dhondt et al. 2002; Lowrance et al. 2000; Haycock and Burt 1993; Haycock and Pinay 1993; Novak et al. 2002; Mengis et al. 1999) . Such conditions (i.e. sloping fields and impermeable soil layers) are generally not present in flat delta areas, such as in The Netherlands. In the Netherlands agricultural fields can be typified as flat with shallow groundwater levels and high density of drainage systems (tile drains, ditches, canals). These conditions are likely to reduce the effectiveness of buffer strips in retaining leached NO 3 -, because they allow by-passing of the buffer strip. Results achieved in international studies may therefore not be applicable to Dutch conditions. Experimental research on the functionality of buffer strips is complex, because on-site nutrient loads are difficult to quantify and replicates are generally not at hand. In most studies on buffer strips a compromise between experimental requirements and practic constraints is found in measuring nutrient concentrations in groundwater in one or more transects perpendicular to the surface water (e.g., Hefting and De Klein 1998) . Additionally, process understanding can be attained by e.g., determination of Cl/NO 3 ratios differences in natural abundance of 15 N (denoted as d 15 N) of NO 3 -N in groundwater. An increase in the Cl/NO 3 ratio indicates that nitrate removal processes occur, e.g., denitrification (Altman and Parizek 1995; Mengis et al. 1999) . Crop uptake also results in increasing Cl/NO 3 ratios because relative NO 3 uptake rates exceed Cl uptake rates (Marschner 2002) . Dilution alone is eliminated as this would not result in a change in this ratio, except when the diluting water has a different Cl/NO 3 ratio itself. An increase in d
15 N towards open water systems and an increase with nitrate concentration are strong indications that nitrate is reduced by denitrification, since denitrifying micro-organisms preferentially assimilate the lighter isotope ( 14 N) above the heavier isotope ( 15 N) and the fractionation due to denitrification exceeds the fractionation due to root uptake and immobilisation (Mayer et al. 2002; Bedard-Haughn et al. 2003) . Hence, by combining insights obtained from Cl/NO 3 ratios and d
15 N values of groundwater, process information about the dynamics of NO 3 in the buffer strip and adjacent arable field can be obtained.
The aim of this study was to study the dynamics of NO 3 in groundwater between a fertilised, arable soil and an adjacent permanently vegetated (grass) buffer strip for a non-drained, flat, sandy soil in order to examine the effectiveness of a buffer strip in reducing N loads to surface water in The Netherlands. Since measuring actual loads of nutrients towards open water systems is complicated, we followed the approach commonly used, namely measuring nitrate concentrations in shallow groundwater (Dhondt et al. 2002; Altman and Parizek 1995; Lowrance et al. 2000; Sabater et al. 2003; Borin and Bigon 2002; Haycock and Burt 1993; Haycock and Pinay 1993; Kuusemets et al. 2001; Novak et al. 2002; Mengis et al. 1999) . We also considered changes in Cl/NO 3 ratios and in d
15 N in groundwater as indicators for nitrate removal.
Materials and methods

Location
Measurements were carried out on research farm 'Vredepeel' in the south-east of the Netherlands (51°32¢¢ N, 5°52¢¢ E, altitude 27 m a.s.l.). The experimental field was 69 m wide and 200 m long with ditches at both short ends. Along the ditch at the south side, with discharge from about 100 m field length, a non-fertilised grass buffer strip (BS) was established in 1999. The BS mainly consisted of red fescue, which was cut annually coinciding with a removal of 55 kg N ha -1 yr -1 (Van Beek et al. 2005) . The soil was a sandy gley podzol according to FAO classification and main characteristics of the soil are listed in Table 1 . At a depth of 2.75 to 3.25 m a peat layer was present with a rather high resistance to flow that may act as a physical barrier for water movement and nutrient transport (De Vos et al. 2002) . The arable field adjacent to the BS is referred to as AF. The soil surface was nearly flat: the field margin along the ditch was about 30 cm lower than the middle of the field (average slope 0.3%). The waterlevel in the ditch fluctuated from zero (no water in the ditch) to 40 cm, the latter corresponding to about 85 cm below soil surface (-ss). Typically, during summer the groundwater table was between 200 and 250 cm -ss and during winter between 75 and 125 cm -ss.
Measurements were carried out during two consecutive leaching seasons (2003-2004 and 2004-2005) , where a leaching season is defined as the period during which precipitation exceeds evapotranspiration. In the Netherlands, the leaching season typically runs from October till April next year. Measurements in the AF were paused during the growing season to allow agricultural activities, while in the BS measurements were continued until the ground water level dropped below the wells.
Rain, reference evapotranspiration and sampling frequency Sampling of the upper groundwater was aimed at every 30 mm of effective rainfall, i.e. rainfall minus reference evapotranspiration. Rainfall was measured on-site and daily rainfall amounts were recorded. Compared to rainfall, evapotranspiration is more constant over larger areas. We used the averaged measured reference evapotranspiration data from three nearby (within 35 km) Royal Dutch Meteorological Institute weather stations (http://www.knmi.nl), namely, Arcen (51°30 N, 6°12 E, 19 m a.s.l.), Volkel (51°39 N, 5°42 E, 20 m a.s.l.) and Eindhoven (51°27 N, 5°25 E, 20 m a.s.l.). Reference evapotranspiration data (for 10 cm height grass) are computed from the incoming short-wave radiation and daily average temperature (used to compute the slope of the vapour pressure curve at this temperature) according to Makkink (1957; see also De Bruin 1987) . The Makkink method is derived from the Penman (1948) and Priestley-Taylor (1972) method. However, since evapotranspiration during the leaching season is very small and the data were not on-line available, effectively the times of sampling were based on measured rainfall only and results were recalculated to effective rainfall afterwards. This sampling procedure resulted in 11 sampling events in 2003 
Experimental design
Groundwater samples were taken in four transects (A to D) perpendicular to the ditch. Each of the four transects consisted of six sampling wells at 0.5, 3, 4, 9, 40 and 100 m from the ditch. The 210 cm long wells were fully perforated and had an inner diameter of 32 mm. The transects were situated 10 m apart. For the determination of d 15 N multi-port wells were installed that allowed for sampling at distinct depths at 30-50 cm -ss, 50-80 cm -ss, 80-110 cm -ss and 110-140 cm -ss ( Fig. 1) .
Four automatic groundwater table wells were installed: two in the middle of the BS and two in the middle of the AF. Twelve piezometers were installed in two transects near the sampling wells at 210 cm -ss. In the second season additional piezometers (18) were installed at the same sites just above the peat layer (275 cm -ss, 12), in the ditch (2) and at 450 cm -ss (4) (Fig. 1) . Differences in groundwater levels from the middle of the field towards the ditch and gradients in total heads were used to determine dominant flow paths of water. The gradient in total heads between the shallow and deep piezometers were used to determine vertical water movements across the peat layer.
Chemical analyses
Before sampling the wells were pumped empty and allowed to settle again. Water samples were filtered over 0.45 lm filters, stored at maximum 4°C and analysed within a few days. Each water sample was analysed for NO 3 -N, NH 4 -N, N ts (total soluble N), P t , PO 4 -P and Cl. The sum of and the difference between N ts and the mineral part is dissolved organic N (DON).
The natural abundance of 15 N in the mineral fraction of dissolved N was determined by microdiffusion (Stark and Hart 1996) as modified by Van Groenigen et al. (2005) . Total N and d 15 N of the samples were measured at UC Davis Stable Isotope Facility using a continuous flow isotope ratio mass spectrometer (CF-IRMS, Europa Scientific, Crewe, UK), interfaced with a CN sample converter. The d
15 N values were corrected for residual tracer using blancs and are expressed relative to atmospheric N 2 (&).
Statistics
Significant differences in NO 3 concentrations and Cl/NO 3 ratios under the BS and AF were tested by analysis of variance (using Genstat 7, 2003) for two situations with factor distance to the ditch (0.5, 3, 4, 9, 40, 100 m) or location (BS, AF). The sampling times were used as a stratum in the analysis.
Linear trends in seasonal-averaged NO 3 -N concentrations towards the ditch were tested by a piece-wise linear model (using Genstat 7, 2003) , defined by
where C is the seasonal-averaged NO 3 -N concentration at location i (mg N l -1
), x is the distance to the ditch (m), x buffer is the interface between BS and AF (x buffer = 3.5 m), i field is an indicator that determines if the location is in the BS (i field = 0) or in the AF (i field = 1), b 0 , b 1 and b 2 are regression coefficients (with units mg N l -1 , mg N l -1 m -1 , and mg N l -1 m -1 , respectively), and e is the residual (mg N l -1 ). The seasonal averages were taken for each sampling well separately, resulting in 24 values i per season. It was assumed that the residuals are (spatially) independent and normally distributed with variance r 2 . The weights for the weighted least square optimisation were proportional to the inverse of the variances r i 2 belonging to the season averages, according to
The variance r i 2 was estimated from the variance of the average concentration divided by the number of observations. Note that the sum of all weights equals the number of locations, i.e. n = 24.
Discharge and NO 3 load to ditch water Due to fluctuating groundwater levels and downwards groundwater recharge, NO 3 load towards the ditch could not be estimated as the product of effective rainfall times concentration of NO 3 -N under the BS. Therefore, we used the classical drainage theory of Hooghoudt (as given by Van der Ploeg et al. 1999) to estimate the water discharge to the ditch, in formula given as:
where Q is the water discharge (m d -1 ), K is the hydraulic conductivity at saturation for horizontal water movement (m d -1 ), D is the thickness of the soil layer below the water level in the ditch (m), L is the distance between two ditches (m), and m 0 is the difference between water table height at L/2 and the water level in the ditch (m). Discharge was calculated for the upper 2.75 m and D was estimated at 1.4 m (Fig. 2) . With D being much smaller than L (L = 200 m), the physical thickness D could be used instead of an effective thickness. The difference between water table heights, m 0 , was measured at 6 hours interval. We used averaged daily values to compute daily values for Q. We used vertical K values of 1.5 m d -1 according to De Vos et al. (2002) for the upper 35-70 cm. Generally, the horizontal K is larger (anisotropy) and De Vries (1974) compiled measured vertical and horizontal K values for sandy soils in the south-eastern part of the Netherlands and found that the horizontal K is 2 times the value of the vertical K. Therefore, we will use K = 3 m d -1 in Eq. (3).
The NO 3 -N load towards the ditch was computed as follows:
where Q NO3 -N is the NO 3 -N load towards the ditch (kg N ha -1 ), Q is the water discharge as computed from Eq. (3) (m d -1 ), C is the NO 3 -N concentration measured in the sampling well located 0.5 m from the ditch (mg N l -1 ), and the factor 10 is a units conversion factor (1000 l m -3 times 0.01 kg ha -1 per mg m -2 ). For each leaching season the groundwater levels were automatically recorded 4 times a day, from which the daily average was computed and used to obtain m 0 . Concentrations C 0.5 for each day were obtained through linear interpolation from the measured data.
Results
Hydrology
The total rainfall during the two leaching seasons (1st October-1st April) was 400 mm and 370 mm, respectively, while the effective rainfall was 290 mm and 260 mm, respectively. During the first season the groundwater level rose from below the ditch floor in September 2003 up to about 40 cm -ss in February 2004, and gradually decreased afterwards. During the second season groundwater levels were deeper than in the first season. Groundwater levels in the middle of the field were higher than in the BS. Together with clear head gradients towards the ditch (Fig. 3) this indicates that the dominant flow of groundwater was towards to the ditch. The piezometer readings in the two transects indicated that sometimes flow was also directed parallel to the ditch. Piezometers located at 210 cm -ss always showed higher heads than the piezometers located at 450 cm -ss, and indicated that there was downward water potential of about 0.134 m m -1 .
Solutes
Concentrations of P (P t and PO 4 -P) were mostly below the detection limit of 0.06 mg l -1 and 0.055 mg l -1 , respectively, and were therefore left out for further analysis.
On average 86% of N ts was mineral N. In 91% of the cases NO 3 -N concentrations exceeded NH 4 -N concentrations, with NH 4 -N below the detection limit (< 0.14 mg N l -1 ) in 78% of the cases. The NO 3 target level of 50 mg l -1 (11.3 mg N l -1 ) of the EU Nitrate Directive was exceeded frequently, especially in the second season and in early spring of the first season (Fig. 4) . Figure 4 shows the development of the average concentration of NO 3 -N in the BS and in the AF with time and with the cumulative effective rainfall. Initially, NO 3 -N concentrations in the BS were considerably below the NO 3 -N concentrations in the AF. However, during the first leaching season The analysis of variance (Table 2) showed that in both leaching seasons NO 3 -N concentrations and Cl/NO 3 -N ratios under the BS were significantly lower than in the AF. At 3 m (BS) however sometimes no significant difference with AF was found. The linear trend analysis according to Eq. (2) showed good correspondence with seasonal-averaged NO 3 -N concentrations ( Fig. 5 ; Table 3 ) and adjusted R 2 was about 80% for the first leaching season and about 88% for the second leaching season. The linear trend analysis showed distinct decreasing concentrations in the BS in the direction of the ditch. This gradient was stronger in the second season than in the first season. Outside the BS the concentrations tend to decrease with increasing distance from the ditch.
Cl/NO 3 ratios and 15 N In both leaching seasons Cl/NO 3 ratios were significantly higher in the BS than in the AF. When individual distances from the ditch were assessed only locations closest to the ditch were significantly different (Table 2 ). In the first leaching season Cl concentrations were not significantly different among locations, but in the second leaching season Cl concentrations in the BS were significantly lower (not shown). Cl/NO 3 -N ratios generally increased towards the ditch indicating that for both leaching seasons NO 3 was removed from the soil solution, since no input of Cl was observed. However, the most obvious change in Cl/NO 3 ratios was on the headland of the arable field (between 4 m and 9 m) ( Table 2) used as turning point of agricultural machinery that may have caused compaction and overlap of fertiliser lanes resulting in higher NO 3 contents. When the headland was removed from the dataset the abovementioned differences between BS and AF were still valid and therefore the increase of NO 3 contents at 4 m did not affect the overall conclusions that NO 3 concentrations in the BS were below NO 3 concentrations in the AF. The average d 15 N value of NO 3 in groundwater was 0.97 ± 5.71& (n = 138) and d
15 N values ranged between -11.03& to 22.39&. The d
15 N values showed a slight increase in time (not shown). Below the peat layer d
15 N values were significantly higher than above the peat layer (p < 0.0001). There was a negative relation between distance from ditch and d
15 N values for some depths (105 cm -ss and 125 cm -ss) (Fig. 6 ), but for other depths no relation with distance from the ditch was found, which might have been caused by preferential flow pathways and contribution from other sources, but we could not explain this finding in detail.
Discharge and NO 3 -N load to ditch
The discharge to the ditch and the corresponding computed load of NO 3 -N is shown in Fig. 7 . The discharge of water is much less than the average effective rainfall reported above (275 mm), on average a factor 4.2 higher, indicating that quite some effective rainfall was groundwater recharge. The average load of NO 3 -N to the ditch was approximately 9 kg N ha -1 for both leaching seasons.
Discussion
In the Netherlands, buffer strips are widely used to decrease direct contamination of surface water by drift of pesticides and to increase biodiversity of field-margins. The present study does not quantify the effect of BSs on N loads to surface water, but the reductions in NO 3 concentrations in groundwater in the BS as observed in this study are a strong indication that NO 3 was actively removed in the BS, eventually resulting in decreased N loads to surface water. The observed decrease in NO 3 concentrations may be due to dilution, uptake and/or denitrification. In this section, we will discuss these different NO 3 affecting processes in order to understand the functioning of the BS. Figures 3 and 4 showed that at rising water tables the NO 3 concentrations increased and apparently a change in gradient is followed by a change in concentration. In general, the NO 3 concentration in soil solution decreases with depth. As groundwater rises it is likely that the water inside the fully perforated well is enriched with soil water with higher nitrate concentrations. As the average groundwater level rises in time under AF, this explains the increase in NO 3 concentrations under AF. A similar explanation cannot be used for the rise in NO 3 observed under BS. Firstly, the groundwater levels don't rise as high as in the AF, and, secondly, the NO 3 concentrations in the top soil under BS were much lower since this part of the field was not fertilised. The only explanation for this rise of the NO 3 concentrations must be sought in lateral enrichment from outside the BS. Since it takes time for solutes to be transported from AF to BS, the rise in NO 3 lags behind the rise under AF, as is seen in Fig. 4 . From an hydrological point of view this lateral movement of water is justified as follows. The BS comprises 3.5% (BS width is 3.5 m, and half the distance between tow ditches is 100 m) of the total discharge area of the ditch. The effective rainfall was on average 275 mm. The contribution of the BS to the discharge then equals approximately 10 mm. The estimated discharge to the ditch was on average 65 mm, so that 55 mm must have passed the BS in order to reach the ditch and hence concentration fronts of NO 3 from the AF reach the BS after some time.
The computed load of NO 3 to the ditch was on average 9 kg N ha -1 for both leaching seasons. Additional discharge and load occurs during the growing season and therefore on an annual basis the NO 3 load to the ditch will be somewhat higher. However, the estimated NO 3 load in this study seems somewhat low compared to the national inventory of N loads to surface water (MNP RIVM 2002), which report total-N loads of 25 kg ha -1 yr -1 for this region. Below the BS increased Cl/NO 3 ratios were found (Table 2) indicating NO 3 consuming processes. It is unlikely that this local increase was caused by dilution with rainwater considering the Cl/NO 3 ratio of approximately 2 for rainwater (National Monitoring Programme Rainwater Composition 1999). Also, during periods with excess rainfall and downward leakage across the peat layer, no increase in Cl/NO 3 ratios was observed.
Another explanation may be grass uptake of NO 3 in the BS. On average 55 kg N ha -1 yr -1 was removed from the buffer strip, of which 8 kg N ha -1 yr -1 was taken up during the leaching season (Van Beek et al. 2005 ). This uptake can only partially explain the lower Cl/NO 3 ratios below the BS, considering that a decrease of on average 6 mg l -1 NO 3 -N between the AF and the BS (Table 2) Therefore, we assume that the majority of the NO 3 removal in the BS was due to denitrification, which was supported with the observed changes in d 15 N and in Cl/NO 3 ratios (Table 2 and Fig. 6 ). In Fig. 6 the d 15 N values at 425 cm -ss were divergent from results at shallower depth. At 425 cm -ss, i.e. below the peat layer, groundwater was older, resulting in higher d
15 N values (Mayer et al. 2002) . In previous studies on the same site, actual denitrification rates in soil were estimated at about 5 kg N ha -1 yr -1 (Assinck and De Willigen 2004) . However, these estimations were on field level and could not reveal spatial gradients causing the NO 3 decrease below the BS. Denitrification can only occur in presence of an energy source, typically organic matter. Therefore, we determined total organic carbon (TOC) concentrations in the groundwater samples to check whether there was a spatial component in the TOC concentrations. TOC was detectable in all samples, but there was no gradient in TOC with distance to the ditch (data not shown). Figure 5 showed a decrease in NO 3 -N concentrations with distance to the ditch in the AF, and on average highest NO 3 -N concentrations were found just before the BS. This location coincides with the turning point of agricultural machinery and we presume that the relatively high NO 3 -N concentrations just before the BS were caused by compaction, overlap of fertiliser lanes and subsequently higher nutrient surpluses due to decreased crop uptake.
Conclusions
Due to the prevailing hydrological conditions in Dutch agricultural fields in general low efficiencies of bufferstrips in retaining nutrients from leaching to surface water were expected. In this study however we found clear results of decreased NO 3 -N concentrations below a bufferstrip as compared to the arable field. Most likely the decrease in NO 3 -N concentrations in the bufferstrip was mainly due to denitrification. Although we cannot definitely conclude that the decrease in NO 3 -N concentrations were primarily due to the presence of a non-fertilised buffer strip, because of lack of a reference situation, the results are promising for the application of bufferstrips to reduce N loading of surface water under Dutch conditions.
